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SUMMARY 


The process of combustion of fuel oil hus been s tudied 


by other investigators. The work performed has covered the 
combustion history of an individual fuel drop, combustion ofr 
asphaltine residues, and the formation of stack solids us- 


ing a large furnsuce such 4s a locomotive boiler. The results 


of these investigations have shown the effects of operating 
variables on the stack solid problem; however, 4 complete 
analysis has not been made. 

A rigorous treatment of the combustion process as it 
occurs in a furnace hes to deal with a cloud of particles of 
non-uniform size, burning away in an atmosphere of; cheung ii 
physical end chemical nature. Furthermore, the studies con- 
ducted so far have never used a laboratory furnacd, but have 
used furnaces which required considerable expense and time to 
operate. 

The purpose of the current investigation was to design 
a laboratory furnace to burn a finite cuantity of oil under 
conditions that approximate boiler furnaces, i.e. temperature 
levels, firing rate per unit of volume, etc. The design was 
to be such that the effect of each control vuriable on the 
formation of stack solids could be investigated §fndependently. 
The factors which affect the completeness of combustion are 
tre nature of the fuel oil, particle size, temperature, furnace 
atmosphere, the relative velocity between the pt ra and the 


furnace gas, and the combustion time. 
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Considerable time was spent in the desigh, construction 
and assembly of the ecuipment to fulfill the various require- 
ments. The equipment developed incorporated the following 
features: (1) A long, small cross-section furnace burned down 
Graft. This eliminates, as fur as possible, variations in 
path length and effect of relative velooity. (2) A method 
of quenching the products so that the approximate combustion 
time is determined by flow rates in the furnece proper. 

(3) A method of controlling the wir rate, firing rate and 
particle size. (4) A method of collection of the stack solids 
formed. 

The scope of the experimental procedure was limited by 
the time renuired to get the ecuipment in operating condition. 
It consisted of combustion of fuel ofl1 at the rate of approxi- 
nately 170,900 BTU/cu.ft. of furnace volume per hour, and 
collection of the stuck solids formed. The ocuantity of stack 
solids formed from combustion of two fuels, Nuvy Snecial and 
@ commercial Bunker "C", was deternined for the sane oombus- 
tion conditions. The effect of excess air was determined by 
combustion of Navy Special fuel oil under different oondi- 
tions. 

The reSults show that the nature of the oil is an impor- 
tant factor in determining the quantity of solids formed. 

The unburned carbon content of the residue increases as the 
weignt percent of stack solids increases. 

The effect of excess air 18 not 4 simple function. The 


“effect of the excess air" is without meaning unless it is 
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specified whether She variation is eccomplished by changing 
the fuel ratg or the air rate. 

The appeerance of the residues substantiates the ocombus- 
tion theory proposed by Chang (6). The mechanism is quite 
complex, aS indicated by the different forms of the residues. 

The performance of the equipment was good; it was possible 
to fulfill the requirements of a suitable laboratory furnace. 
The results obtsined were consistent with those of other in- 
vesStigators. °@ 

A new method of presentation of the data is suggested. 
on this basis there is an optimum firing rate and air rate 
for 4 given furnace und a given fuel. There exists also an 
optimum concition for either of the ubove parameters when the 


other is fixed. 


ine 








INTRODUCTION 


It was formerly oelleved tnat the com-ustion of fuel 
oil tock place entirely in the vapor phase. Flame lumin- 
osity and soot format.on were attributed to the cfr von 
particles formed by tne cracking of the hydroczerbon vapors, 
More recently, it nas been found that tne solid residue 
— the incomplete combustion of neavy fuel oil is composed 
of two types. One type is forwed vy cracking of the hydro- 
carovons in the vepor phase, and is a soft fluffy soot. The 
second type, referred to as stack solids, appears as ceno- 
Spheres*, or compact spherical coke particles. 

The work of Cheng (vt) and Gerald (7) on combustion of 
Single droplets of neavy fuel oil proposed tne theory that 
combustion takes place in three staves: preheating to the 
boiling point, vaporization and burning of the hydrocarbon 
vapors, and heterogeneous comdustion of the coke residue. 
Soot is formed in the late staves of evaporation when the un- 
stable hydrocarvdon vapors are evolved. It is formed at the 
core of the vapor where crackinz conditions are such that tne 
carbon particles agglomerate into large particles vefore 
oxyven can penetrate by diffusion, The agglomerated carbon 
particles then have to burn by the slow process of hetero- 
zeneous comuustion., It is also toward the end of the vapori- 
zation stage tnat the form of the stack solids is determined. 


* Cenospheres = hollow spneres of well-defined 
structure. 
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Luring this period, there is internal vaporization in the 
Oil purticle and the ease with which this vepor is Griven 
off determines whether the solid lert behind is « swolien 
cenosphere or « shrunken compact coke curticle with a large 
number Of sintulld poresS on the surface. For the d.articular 
heevy fuel ofl studied by Crungs, cenospheres were obtuined 
at 800° C and compact coke particles at 900 to 1100° c. 

The combustion process as it occurs in 4a furnace has to 
deal with a eloud of particles of different sizes burning in 
an atmosphere of changing physical and chemical conditions. 
ge fuctors affecting the completeness of combustion cf fuel 
oil particles in ea furnece are: (1) the nature of the fuel, 
(2) particle size, (3) temperuture, (4) furnece atmosnhere, 
(5) relative velocity between the particle and the furnuce 


gas, and (6) the time in the furnace. 


~ 


THE ECUIPMLN?T 

An essentixl purt of the work to investigate the problem 
was to Cesizn eculpment thut couic be used to stucy the effect 
of the controllable veriubles independently. Some cof these 
variables may be studied with u compurativeily simnie inaftulLla- 
tion. These sre the uature of the fuel, partieié size, fur- 
hnuce atmosphere and conbustion time. The design wus made to 
Study tnese vuriubles. 

The desien ic vased on Struightforward calculutions. ‘The 
arran;enéent of the equipment is shown in Pigures I une Tl; it 


consists of the following, components: 
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Furnuce - The sive of the furn:ce wis selected for 4 
combustion rate of 170,000 BIU/ cu. ft. of furnage volume, hour 
st a fuel rate of avnproximétealy two (2) gsilons Mer hour. A 
long chamber of emill cross-section fired cown-@eeft was used 


to minimize possible veriution in path length crf the Fuel 
particles. No provision is g@ade Tor —— contol of 
the furnace; tle temperature ievel Genends on the firinz rate 
ana the emount of excess uir usec. The furnace causing is 
fitted with Small cpeninegs at erushl intervals of lenrth to 
permit observations of combustion or temnernture measurements. 
Tre top section is fitted with connections te wemmit use of 
citueas in warring up. The furnsuce volume may be cecressed 
by removing the lowes t section of tne furnuce. A dcuvle war 
pose refractory wnd ingsuluting brick is usee to Baaplity Gee 
Genmstruction. The detzel1ls of censtYruction ci the Pernice cee 
@hOwn in Fisures III, IV and V. 

eue@necling Unit - The purpose cf this uBbik 1S Ko coal 
eMme products of combustion leuving the furnwee to 4 tempera= 
ture iow enouch to step combustion. This recuires trunsfer 
of extremely lurge cuantities of heat in « minimum length 
with gn urrangement such that the ceallection of sgolics is 4 
Minimum. A single row cf thin-walled copper tubes wus used 
and the heut trunsfer surface wus obdtuined by using flettenea 
2" diameter tubes with the nurrow dimension perpendicular to 
the direction of gus flow. The unit is culte interesting 


Since the products were cvuoled from temperatures in excess of 


2100°F to 1100°F. ‘The furnuce could be brought up to operat- 
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ing temperature within fifteen minutes with only minor leak- 
age caused by Cpeninse of tne flunges. The unit reouired 
considerable time and effort in construction because of 
necessity for experimentally determinine the spacing of the 
tube support plates to prevent excessive deflections under 
Ooperuting pressure. The details of construction ure shown 
an Figures VI, Vil wand VII. 


Fuel Supply - .«. @ravitv feed tank was used because of 





its Simplicity. ThA capacity of the tank was one gailon and 
the tank wus fitted internally with a 1000-watt Culrod 
neater, hand stirrer, and thermometer. The fuel orifice wés 
calibvreted for a fuel viscosity of 150 SSU. City gus was 
used for wurming up before starting un cil run. The supply 
is controlled b, 4 single throttle vulve and no provisions 
were made for metering the gas. The position of the zas 
jets in the furnace is shown in Figure IV, Section A-A. 

Fuel atomiver - Air atonization was used; the method em- 
ployed was stuaied by Nukiyama anc Tanagawa (10). This method 
has certain desirable features: (1) wall impingement is mini- 
mized, (2) st high sir-fuel ratios the particle @iameter de- 
pends on the relative velocity of the fuel und air streams 
only, und (3) it permits the study of the effect of air-fuel 
ratios, purticle size, und firing rute independentl,. The 
apsembly of the atomizer is snown in Fiernre IX. Further de- 
Géetails of the tueory are given in the supplementary Introduc- 


TION. 








Ssenurating Unit ~-~ The gépserateor is of COnVe@igomel 
cyclone separator design. The efficiency of the Univ ms 
not determined, but it was designed for « ailninum Biller 
velocity of 20 ft./secone to insure aderuate coliection ef- 

®. 
ficiency. Tie relutive dimensions were bused on experience 
end were recormended by privete communication. Tie separator 
be Shown im Figunes ¥ uac M1. 

Control und Sjeasurmmcg Enstrmaments - 

1. Air - An «SE sherp-edged orifice witt. venu-contracta 
pressure tups was ugeeé to meter the alr. A bY=—paes valve lee 
used tc contral she quantity of wir. The biower wws ¢riven 
By @ 1.2 HP motor end had a cAépecity of 71 cu. ft./min. at ae" 


of water. 


2. Temperutures ~ Fuel and eir temperntures were meusured 
by thermometers. Chromel-alumei thermccouples were used to 
measure the furnece unc the exhaust fus flenpersture. The fur- 
nuce thermocouples were instuilec as shawn in Pigure V whet 
uluncum protection tubes. The calibrution of the thermocouples 
18 unimportant since the primary purpose is the measurement of 
relutive temperutures anc to deternine when the a. 
reached an eyquilibriun temperature. The exhuust gas thermo- 
couple was fitted witn + single cylindricul shield. Tne loca- 
tion of ail thermecouples is shown in Figures I und II. 

3. Gas Analysis Wjuipment - A Fisner unitized precision 


gas analysis unit was used. 
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Figure VII 
Quenching Unit 
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PROCEI URE 


Altcougn the desi¢vn Hae bese on »Treiputronwane® calieu= 
jutions, tnere remained certuin unknowns which Yrecuired in= 


vestivetion by actunl test of the aquinvment. Tie@e untnvwnies 


4 


mere: che drop sime, the efficiency oT oolieetioaw sae 
cyclone sepyrrtor, anc tie Tiring rare Top AMS Pes® eeblic- 
ton. Navr Snecial fel coil wesc selected for the initiat 
furs, ttGe to test tie cperabion of tne ec uiSent Gna to Tae 
yestirate the unknowrs, 

The prelinfmiry »reocedure was divided into ttn parte: 

d 

if: Tye equinment was iiwnted of f uslimg Clig was vo 
investizate performance cf the v:irious curpe nent 3 Qua to de- 
teraine what control methods were re: uited for the warm up 
period. Tile ejuimment operated sutisfnctorily Qnder cambuge 
Sion canditions. Tre vémpervture :evel in the Tupie@ec could 
be contro_iec suiexiy by triul «ane error settingS oF the mas 
PolwWes wit! constent eir supe. IL ta@ not peseibhle® to pie 
vent s rapid rite in temperature of the erxksuct #ases Lltitcvugh 
PAis dic wot cuusé excOsulve lea@kagée through thé flanges of 
pee cuenel.ins uwtit. 

2. is Mart of tm proec@dure was contérmed (YimkTigy 
Mith triel Tune usbing fuel] O11, =Ptelr warming up the Tunae@es 
with citr muse, to determing the reeuipéd ie res un temperatures, 
best aiv-fuel rutics, and reiutive uantibies of selics de- 


posited in the ‘uvenchins Unit, exaust piping und the Separator. 


~~ 
~ 
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PLE MEeBULd ff «he cunt Wace Were ove inh tile Lore o7 


experience ralner Ran ~untivutive aqutua. SiS Bperieice 


‘ 


é 2 ’ % 35 “ ¢ 5 - ° ‘ » 
£5 el eee me AGL tee 2 6 La OWS: 


ee ae 
(i) le@stvere bares 1.@WbL5 of whout 2200" at Bile deri. 
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Go Thupraicywpn.e fo. 1] bie 1500°r Yt ttOrpocouphe hee w2 Jase 
We Teathec shPrele ufler « ew up peri@a YW 3. Tinutese. 
TléS6e le clsS Mie Geci lr. bulky “5 Oi Dale. 

(Lb) .te bee cumbalLtlon of fuel 11 Was Ubtained usERe 
G - LOX excens ir. lf the excess air caceeéec AO , the Le.u- 
Peratures 20 190 Bovrokeh Gn eGuililibrive .@appeealweee, cat 
QGecreusec cunmbinuGusiy. At Values Lower then Gy tite cobbma= 
ion Was inburficrently Compidte' 

{c) .n a@npreci.ble umeunt of svot und SulldsS wan cepobhiad 
Gn tae tubes ¢Ff tree guendbing unit Luc in the GARewe Bie 
71S neeescLituted remagveal wT Gewve units FOr ci @eleame aT ven 
euch. run. 

(a, THe AtCorpieation obtalwec whs reYregenti.tlve cF thet 
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h ia@a@6triul furnuces. TRe particles cuhl@cted Fungec 


be 


used 
from 0.0006" tu 0.006" (appreximute). ‘The work of Chang (6) 
and Gerald (7) shows that for combustion ubdove 1G00°C, thd 
Giameter of the svlid is between 5C and 80% of the criginul 
Secor size. 
1@) vnltiough the é€fficiency of she sepucution was unknown, 
2 De preetnvatiwe Cuentity of stlids ceulc Be colbecvedc, J a! 
betwoén 0.5) anc 0.7) Gf the welst.t of the Puel burned. 

(f) The fuel rates were not steudy during the preliminary 


runs. ‘ihnig was caused by the method of positioning the fuel 








‘ 
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orifice relstive tc the atomizing orifice. Considersbdie 
time waS spent in determining the cuuse of the unsteudy oil 
rates. The time remuining cid not permit changiug the 
method of fuel supply to e.iminate conpletely this problem, 
hence the scope of the inveStigation subsecuently curried 
out was limited. 

The remaining time limited the investireaticn, and it 
was decided that the ecuirnment cculd be used without further 
meaqification to compere fuels of a different nat@uré. Any 
variations of the fuel rute then woule pernit analysis of 
the effect of excess air. 

The steps curried cut in making an uctual run were: 

(a) The oil sample was weighed and the fuel tunk filled. 
The fuel was then heuted to u temperature corresponding to a 
mBrseosity of 150 SHU. 

(b) Light off furnace and bring up to the tenperutures 
indiceted above, using, city gas. 

(c) Start fuel o1l and secure city sas simultaneously. 
Adjust alr supply to the desired quantity. Time of conmnence- 
ment anc finish of the fuel-oil run were recorded. 

(d) Temperatures were reccrded @uring the period of conm- 
bustion of fuel oil. 

(e) Two gus samples were taken curing the run. These 
samples were taken near the middle of euch run. 

(f) after the furnuce hud cooled sufficiently, the soot 


and solids were removed from the cuenching unit, sepuraetor, 











= 
und the exhaust pipe joining these two units. The vy; eights 


were recorded und the uppearance of the residue wus observed 
cela 
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under e microscope. 
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ne SULTS AND DISCUSSION 


Performance of the Equipment 


The operation of the equipment was satisfactory. ‘There 
were certain defects in the design that limited the extent of 
the oxnerimental work carried out in this investigation; and 
these defects should be eliminated before continuing the wé@rk. 
Combustion was good as is indicated by the gas-analysis. This 
is an indication that good atomization may be obtained with 
this equipment at combustion rates commarable to the highest 
maec in forced dreft, natural circulation boilers. 

Tne size of the particles and the size distribution law 


for the atomization is not definitely known, although a quali- 


ct 


ative “nowledge is available from the sizes of the residues 


obtained. Chan; (©C) and Gerald (7) found that above 1000Qc, 





the diameter of the residues fermed from single drops was 
to 60% of the originnl Aiameter of the drop. The sizes 
distribution of the stack solids found in our runs are oe 
in the photcmicrograprs in Figures XIV and XV. 
The quenching unit is overdesigned as far as heat transfer 
t8 Concerned; its reliability is proven for rapid warming-up. 
“he fuel supply system is not satisfactory. It was possible 
to obtain a flow rate that was approximately steady, but it was 
not sufficilentiv reliable. An unsuccessful attempt was made to 
make runs with a fuel with a pour point of 110°°7. This aiffi- 
culty can be eliminated Sy using; a small gear pump with provi- 


sions for recirculating to obtain the denired flow rate. 
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It is also recommended that a different method be used 
for lighting: off because of the back draft always present in 
the building where tho equipment is located. It is possible 
to inetull a clow plus that can de retracted into the refrac- 
tory after the furnace has been lighted off with city ¢as. 

The results of the gas sampling are not consistent with 
the results from meterins of the air. This discrepancy was 
probably tears by the flow pattern in the exhaust piping from 
the opeaens separator. Vortex flow exists in the exhaust, piping 
from the separator. This permits vertical circulating currents 
and since the stove piping comprising this exhaust line is not 
air-tight, it is a possible source cf leakage. However, the 
values of the B/C ratio found from the gas analysis should be 
consistent and correct. Jt is recommenced that a screen be 
installed in the exhaust piping, to straighten out the flow or that 
the sampling tube be installed in the piping between the quench- 
ing unit and cyclone separator. 

The actuel efficiency or collection of the cyclone separa- 
tor is not known. However, it's efficiency seoms adequate for 
relative results. BKefore the investigation is continued, the 
efficiency shculd ve determined so that the amount of solids 
collected may ve used to cetermine the actual amount of stack 
solids formed, rather than a relative amount. It is suggested 
that a part of the ges leaving the separator be passed through 
a suitable filter to determine the amount of stack solids which 
are not collected in the separator. 

“he time required for making a run, cleaning and reassend- 


ling the quenching unit, separator, and oxhaust piping is ap- 
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proximately six hours. The cost of the oil Durned per run 
3s negligible. The installation cost is relatively low in 
comparison with that of other investigators who have used in- 
stallations which burned as much as 600 lbs. of fuel ofl per 
hour. This equipment permits an economical study of the fac- 
tors that influence the formation or stack solids, and an in- 
vestigation of the effects of additives @n the quantity cf 
stack solids formed. 
Data from Combustion of uel Oil 

It was not possitle to make enouvh runs to permit a rigor- 
ous analysis of the factors affecting the formation of stack 
solids. The data does establish the direction of the varia- 
tion for two of the variables that were studied. A summary 
of the results anc calculatione of the runs made is presented 
in Tabdle I. 

Runs #2 and #3 wore made with conditions as nearly the 
Same as possible. The results are close enough to indicate 
that a run is reproducible with tne equipment. The cesign of 
the equipment is such that the cleanine of the components is 
simple and the veriation due to different degrees of cleanli- 
nese is negligible. Some scatter in the results mist be ex- 
pected since the furnace is not an isothermal one. Instead 
an effort is made to reduce the time required for a run, per- 
mitting some variations in the temperature level. Other varia- 
tions in temperature level must be expected when the firing 
Pate is changed. The results of the runs are considered food. 


The effect of the nature of the fuel is shown by comparing 

















SUMMARY OF DATA AND CALCULATIONS a 
I 
EXCESS AIR ** | HA RATIO 'MEAN TEMPERATURE SOLIDS COLLECTED 


TYPE WEIGHT RATE METER GAS ANALY SIS |GAS ANALYSIS | THERMocpL*| JHERMCPLE.%2 THERMCPLE.“3] QUENCH. UNIT EXHAUST PIPE SEPARATOR 
L865. LBS. / HR oe ae or 


% 

SPECIAL 

en. 8.25 15.00 Cua -0.12 3 Sa . ‘ 

BUNKER ; * 49.8! * 84.39 

COMMERCIAL cs S)2 1.63 2200 

BUNKER “C 87.20 . 
0063 Joo1or 

ee 840 -| 12.00 34.20 28.7 1.76 2205 1715 4. 

SPECIAL * 58.94 % 

is 8 45 12.96 40:00 22170 

SPECIAL 
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TOTAL 
SOLIDS 
IBS. %-FUEL LBS. %FUEL LBS. % FUEL] LBS. %-FUEL 


°F 
0.0233\0.306 |A0l2I Joosz}o74s 
Wis — 


*x 70.69 
0.0299|0.363 |00449)0.545 |0.05 70] 0.691 
S85 1080 a : 
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+ UNBURNED CARBON — PERCENT OF SOLIDS 
nae DISCREPANCY IN GAS ANALYSIS DUE TO AIR LEAKAGE 
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Run #1 with Runs #2 ane ¢3. The commercial FPunker "C™ oil 
formed ¢«.pproximately twice the amount of stack solids as the 
Navy Svectal. These runs were made under the sare conditions 
of atomization and at the seme air rate. The golid forming 
tendency of the oil is probably indicated by some property of. 
the ruel oil. It is interesting to compare the asphaitine 
centent and the Conradsen cardon tests for the oils concerned. 
It is recormrendced for further investigation that two olls be 
usec for the stucy, one, with low asphaltine content and ten- 
dency to form stack solids, ard two, a fuel with high asphaltine 
content anc high stack solid forming tendencies. The intermed- 
sate points could be chtained by vLlencing the two fuels. 

The effect of the amount of excess air is indicated by 
Runs #1, #4, and #5. The trend indicated here is not a simple 
function anc proper presentation of the results is necessary 
for “the effect of excess air" to havo a meaning. 

The percentage of excess air may be varied in two ways, 
the ofl rete may 2e varied with atr rate constant, or the air 
rate may be varied with oll rate constant. Either method 
Caueges a decrease in the temperature level in the furnace for 
inereasine excess air, and this variation must be accepted as 
long as an isothermal furnace ts not used. 

If the excess air is varied by varying the air rate, there 
is an adcitional effect which ie teportent in the subject prob- 
lem. This is e change in the cembustion time or the time in 


the furnace. Tne average time in the furnace may be expressed 








ou 
approximately as the quotient, Furnace Volume / Volume Flow 
rate of the products at war mean furnace temperature. If the 
flow rate for an 8% excess air run is 52 cu. ft./min., and the 
excess air is increased tc 35% by varying the air rate, it is 
necessary to increase the air rate to 64.8 cu. ft./min. This 
will reduce the combustion time to 52/64.8 or 0.802 of the orig- 
inal value. Since the combustion of the residues takes place 
by the slow process of heterogenous combustion, a decrease of 
time in the furnace should have a large effect on the quantity 
of solids formed. 

If tne amount of excess air is varied by controlling the 
fuel rate with the air rate kept constant, the change in can- 
bustion time is necligible. 

In the absence of enough data to establish definitely the 
complete picture it was desirable to compare the results ob- 
tained with those of other investigators. The results of an 


investigation by an oi] company were selected, and are repro- 





@uced in Table II- These results are uced to fuel and air 
rates per hour per cu.ft. of furnace eolune,! os that they may | 
ie édepered with the results of this invest sation on one plot. 
The data of the ofl company is plotted in FPY¥rure XII and the 
resulte.of this investigation are superimposed in red. The re- 
sults of this investigation have becn reduced to the same basis 
as the o11 company's data. Those values are given in Table III. 
The vertical lines represent lines of censtant approximate conm- 
bustion time. The horizontal lines represent lines of constant 


fuel rate. Lines of equal percentage of stack solids have been 


faired in as well as possible from the oll company's data, and 











DATA FSOM TESTS Si An 


O11 Rate 
#ib/nr. 


Pun Ho. 


~o0 
<19 
25E 
<68 
oes 
o78 
421 
414 
441] 
409 
526 
548 
694 


t- 
OodOnrtanranry - 


ts bY 
On 


Tquiv.ePx- Total O11 Rates Air Rate 
cess Air Stack lo/nr-ceu. 1t/hr.cu. 
% Solids ft.furn.vol. ft.furn.vol. 
72 0.50 1e2l >}.2 
98 0.81 1 wah? 54.25 
216 2-49 1 yas 59.40 
162 0.87 1.412 49.10 
180 1sOo 1.49 62 .60 
2a a. Fi 1.464 71.40 
23 0,45 Reece 41.00 
as 0.86 2-18 56 . GO 
LOS L £2 2 Oe Tk IO 
115 1.46 2eLOS 67.90 
23 1.24 2 #73 5 iy. SO 
&9 1.65 2.59 64.60 
ou 1206 SHG 66.30 


fet 


TAB i 


OIL COMPANY USING A FEAVY FULL OIL 


%# Computed values using a furnace volume of 190 cu.ft. and 
assuriing an air rate of 15 lb.‘ air per lb. fuel for 
theoretical complete combustion 


TABLE IIl 


CXPERIMERNTAL DATA AS PLOTTED IN FIGURE XII 


uel Pate 
lps/cu.ft.-br 


Run No. 


@.52 
8.62 
3.69 
6.90 
7245 


On & ON H 


Lxcess Air Air Rate Total Stack 
lbs/cu.ft.-hr Solids % 
6.53 145.4 . 0.749 
7 a] 138.4 1.599 
6.25 156.4 1.475 
54.2 135.4 O #56 
40.0 156.6 0.389 


* Theoretical air asga-med to be 15 lbs. air per 1». of fuel. 
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these cucves appear to be contours. There is a definite ) 
optimum value of firing rate and air rate for a given finhee 
and a given fuel. Simillarly, ir either an air rate or a fuel 
rate is selected, there is an optimum value for the other rate. 
These statements refer to the stack solid problem only and neg- 
lect the economy of combustion. 

when presented on this plot, the results odvteained in 
Runs #1, #4, and #5 indicate that the equipment waa operated 
under conditions which lie on the upper branch of the family 
of curves for the furnace and the given ofl. The results are 
consistent with the expected variation when compared with the 
date from the o11 company's investigation. If any point is 
selected on the upper branch of a — and the fuel rate is ! 
 @ecreased along a line of constant air rate, the quantity of 
stack solids should decrease until the minimum for that air 
rate is reached. This is analogous to the variation between 
Runs #1 and #4. Run #5 was one of the preliminary runs made 
to test the equipment. It has been included on the plot, and 
it indicates further the consistency with the other data. It 
should be noted that it is made 'with a higher air rate. No gas 
samples were made during the preliminary runs. 

These results suggest a procedure for the continued inves- 


tigation of the problem. Several different air rates should be 


selected anc fuel rates varied over as wide a range as possible. 


% These investigators experienced, difficulty in runs with a fuel 
rate of C.18 lb/min ané an air.of 58.5 cu.ft./min. Under these 
conditions the residue deposited in the quenching wnit is sticky; 
this prevents thorough cleaning and accurate determination of 
the weight of resicue. There is probably a lower limit for 
fuel rate with eech air rate. This may require a further in- 
crease in furnace length. 
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Curves of stack solids versus fuel rate may ve plotted for 
constant air rates, and from this family of curves pcints 
may ve obtained to construct a plot suck as shown in figure 
XII. 

The carbon content of the resicues increases as the weight 
percent of the stack solids increases. This is expected from 
the theory of combustion rroposed by Chang (6) and Gerald (7). 
The process of heterogeneous combustion is aided by increasing 
the excess air, and therefore the percent of unburned carbon 
should decrease. The commercial bunker "C" has a lower 3/C 
ratio which indicates a greater percentage of the heavier 
hydrocarbons anc non-volatiles, hence a creater a of 
resicue that must burn by heterogeneous combustion. 

Visual Observations 

The appearance of the residues collected were observed 
unGer a microscope. In generel there was no difference in 
physical appearance of the sclids collected from the same place 
in the equipment for different runs. The sclids collected from 
the exhaust pipe and the cyclone separator were well defined 
shapes; the majority of the particles were compact spherical 
coked particles with a dimpled surface. Otrer than these, 
there was a small percentage of cenospheres, burned out frame 
works of both of these types, and an occasional soot string. 
The solids collected from the quenching, unit Gid not have a 
woli defined shape Sut seemed to be composed primarily cf soot 


massee with many smaller coke spheres intermixed. 








32 


It was interestines tc nete that the unburned content 
of the residve from the quenching unit was Lage than that cole 
lected in the exhaust pipe and the separator. The number of 
cenospheres formed was greater for the runs with the freater 
percentage of excess air. 

There are several “hotomicrographs in the following figures 
which show the representetive types of residues, sizes and dis- 


trivution of sizes. 


Two sight classes were provided for observation of the 
combustion processes. The lccation of these sight glasses is 
shown in Pigure I. It was interesting to note that in the 
upper sight glass the first luminosity of the flame appeared 
as flashes. At the second sight g¢lass, located at about mid- 
length, the particles appeared as luminous parallel streaks; 


luminous flames were also visible that eddied at random through 


the streaks. 


1) 
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Figure XIV 2 
Residues, Showing Sizes and Distribution 


Magnification 170X 
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sidues, Showing Sizes, Distribution and Types 
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Figure XVI 
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Types of Residues 


dagnification 170X 
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Figure XIX 
Types of Residues 


Magnification 420x 
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CURCLUSIONS 


The equipment cperutes satisfactorily, 1.e@. go0o0a combus- 
tion is cbhtuined at high Piting nates. WU ieee 

to investizute the effect of excess «ir cr furnace at- 
mosphere and the nature of fuel o1i18 on the formation of 
stuck eoiids. 

The equipment represents an econoriicul and repid methcd 
of investixzuting the fuctors influencing the formation of 
stack solids. 

The results obtained ure consistent with the resuits of 
other investigators. 

The nature of the fuei oil is un important fuctor. This 
is probubly indicated by some property of the fuel, such 
as the usphnaltine content, Conradson Carbon Test, or the 
H/C rutio. The fuels studied indicate the solids increxuse 
as the asphultine content increases and us the H/C retio 
decrexuses. 

A new metnod of presenting the data is Suegpsested tc show 
more exuctly the effect of excess cir. The latter may be 
varied by controlling the Tuel mute or the aif rate. The 
results nuve a meaning wnich depends on tre metl.oce used 
with « speoific furnace. 

The results obtained for variations in excess Gir ure con- 
Sistent wit. data obtuinea by other invesSticaturs. 

In & ¢iven Pugpeas there is an optimun value of firing 
rate and air rate for a minimum formetion of Stuck solids. 


’ 


Tuis optimum value depencs on the type of fuel used. 
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be 5 winbuusy for the parpticulir heavy Tumi om 


Iu «4 J iven Tacneée, for 4 fixed Bir rate, There ee 


O,tinun: value fos the fuel rute at which the soliés 
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i) 
rhe unburnec curben content of the steck splids incresses 
J este Fo a 
ws the weljlit percent of stack solids ine rpa ses. 
7 a 


i al 7 


ll. The auppeurance of the residues Substantiates the combus- 
tion theorm proposed br Cheme (6). The cChanacuer of Ge 
sclias is “unite verie@ end seems to be Causéd Sa condi-— sf 
tions interent in true combustion of clouds of non-uniform 
purticles. 

42. ‘The Stack solies are composed of: (1) dimpled, compet 
spherical coked purticles, (2) cenospheres, (3) burned 
out frame works of the first two, and (4) strings of 


eoot und soot masses. 
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LEO as, Ble (hind dO ates 


The fuel sutnl: should Dé ciManred to pers. SCciaa ee co 
trol of the fuel rute, wid to permit mds ing sar eee 

Pour Point oils. 

The method of .-tdmiestion sheuld be studie@ to aSe@ertieg 
the adrop size and the size distribution Tew. 

The efficiency of the seperating unit should be determined. 
The meti.od cf lirhtine of ? st oudd be che@ligeg Yo Bieplige 
this operaut‘on. 

A thorough investir.tion of the neture cf the fuel cil 
shculé be concictec. “he esrchultine content, the H/C rutio, 
and Conreée¢soen Curbon Test are vroperties tset skculc best 
indicate the stsck solid forming properties. 

Thé excess ‘Tir is &n imrortan’ Puct@mein hg Omeclae Gr 
stuck soli’s. FPurther irnvestigutions shduld he made With 
constunt «ir rates und varving fuel rates. The results 
Should be presented in the menner suggested, the final re- 
Sult beiny a rlot suci as Figure XIl. 

The optimum Vvuiues ror minimizing, stack solids Shculc & 
Cemra rec with optinun economic values. 

& thorough investigution of the effe@et oF waditives cn We 


amount of stuck solids forriea sthould be mace. 




















SUPPLEMENTARY INTRODUCTION 


Tre method of atomization used was studied by Nukiyama 
and Tanasawa (10). Experiments were conducted using a sharp- 
apes orifice similar to the atomizer assembly shown in Pigure 
IX. The air pressures used were not high enough to use com- 
pressible flow equations. 

The velocities were based on the cross-section at issue, 
and the term relative velocity was used. A discharge coeffi- 


cient of 0.64 ie used when a sharp-edged crifice is used for 


the air. 
te Qe 
"sel. ® F Une ay - 7 Dea@ 
q =? 


The results incicate the mean drop cCiameter formed is a 
function of the fuej-air ratio und the relative velocity. 
"or air-fuel ratios above Rel <p e 5,000 the crop diameter de- 
pencs on the relative velocity only. 

Theycetermined a size distribution law that fitted their 
Gata mccerately well when the air velocity exceeded 150 meters/ 
second ane for we/ap greater than 5,000. This distribution law 

; 

as » p =o - 
oF? 


where p equals 2 and gq equals l. 


was: q 


The mean drop size was that diameter having the same ratio 
of volume to surface as the whole sample. 
Allowance for surface tension and viscosity was made and 


the result was 








where dg = drop e-iam., microns ¢ = dyne / cm. 
A = em/on® yw = dayne sec/cm@ 
Vrel = meters/sec 


Mar heavy ©1411 (0 © O«Oye @ BOye w@ OnS)e 


Go = 5520 4 210 (1000 <p) 1-9 
rel a 


It was not practicable to use pressure atomization be- 
ceuse of the large cone engles inherent in this method. With 
the small cross-section selected, wall impingement would have 
presented a serious problem. The air atomization as outlined 
above was particularly well suited to the investigation for 
several reasons: 

1. The particle size may be varied with a constant 
fuel-air ratio by changing the size of the atomizing 
orifice. 

ec. The fuel rate may be varied without pppuetie he ef- 
feet on the particle size. 

5. The air rate may be varied without affecting particle 
size by proper selection of atomizing orifice size. 

recause of the limited capacity of the blower available 
for the investigation, and to obtain drop diameters approxi- 
mating those cbtained by pressure atomization in commercial 
practice, it was necessary fo operate in the range below the 
lowor limit prescribed by the aize distribution law. This re- 
quired that the quality of atomization obdtained with the equip- 


ment be determined. 
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DETAILS UF _PRUCELURE 


lesign srocecure 

It was desirec to design 4 furnuce which weuld appromi— 
mate the firing rates cf naval and in@usteial UNnsesy ance 
tne same tine be af such a size und construction a6 to Lend 


itself to exnerinentai work. With thbs im niga, the folicw 





ing limitations were set: 

l. Fuei rute tc be two gallons per hour. 

2. Combustion rate to be 170,000 BRU’ @ aar ncn ger 
eubic Toot of furnace vcluse. 

3. Furnace to be lone and marrow witn «o SGuare cross- 
section 5.5 inches on a sice. This is convenient for deter- 
mining meen time of particles in the furmuce, and permits & 
Simple construction. 

LL. A Quenching unit would be instubled at the exit of 
the furnace to stop sn in 8&8 Short & set ae foctroie 

5. aA cvelone separator would be us@d to colieet solias 
in crde@r to mingeize préastire arope. 

With a fue. of an ussumed analysis typical of heavy fuel 
oils, the air rate was determined to give 13.5% CO. in ths 
combustion products. Under these conditions, th® DH of com- 
bustion wus determined. For details of this computution see 
the Sumple culculiutions. 

Using this vulue cf Do, a furnace volume was computed 
to #ive the desired firine rate. With this volume and 4 eiven 


cross-section, it was possible to compute the iength of the 


furnic?, 
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A tnevcreticn) flume te™tineruture was then come vec ae 
suring complete combustion. Next, the furnace ]osses were 
conputed ussuning the external losses to be etusl to the ccon- 
vection to the refructcry. This ceterminec the furnace exit 
Ver BereuLre y 

Tne cesiagn of the gaenching unit wes based on cooling 
combustion p;roducts fram 2740 & to 2500 F. Garrow, (ea. 
thin-wuiled tubes were usec to rnrovide 4s iarge heat trans- 
fer area cs nossible with minimum resistance, und to keep Ge- 
LOsits of stuek solids on the unit to 4a minimum. Although it 
Wie Holt roysible in such » small unit to provide Gie amount oF 
heat transfer surface cemputed, it was decicec to use this de- 
Siegen in belief that uctusal furnece temperatures would run 
lower than the computed témperttures, und becuuge@ Gre Water 
cooled walis end needers would carry awey an uncetermined 


emount of reat. This cecision was subsecuently ‘Justified by 


the results cbt imed from This unit. 


Lighting Off Procedure , 

The fuel supply tank und feed line were removed for clean- 
ing and filligg before starting a fun. For Jigiving off, 4 
ga3 jet was insuerted into the fuel supply line opening in the 
elbow; this jet extended tnurougn the atomizing Srifice. Tne 
jet wis lighted and inserted, the side jets openéd und the 
blower started immodiutely. Tie umount of gas to the sice jets 
wes reduced to the minimum by almost closing the vulves; the 
lielting of f Jet was secured and retracted into the elbow to 


recuce the resistance to the uir flow. The afr supply was ad- 
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justed to maximum flow. ‘ 

AS soon 4S the bricks were Lot enough to relight the 
city gus, ail gas to the unit was cut off, the lighting off 
jet removed, and the fuel tunk placed in the position for a 
run, and the fuel was heatea to the temperuture corresponding 
to & viscosity of 150 SSU. The city gas to the side jets 
was out on ugsin and the furnace temperatures were brought 
to the desired level by triai and error settings of the gas 
valves. The fuel oil supply valve was opened wide and the 


city gas imsiediately secured. 


Fuel kate 


Tne fuel oil was weighed to the nearest fram ona 5.5 


kilogram bulance. 


Fuels Studied 
The fuels used were Nevy Special fuel cil and a commercial 
Bunker "C" fuel cf moderate stuck solid forming, tendencies. 


The properties of these fuels were as follows: 


Navy Special a a 
API Gravity 20.0 Lig ok 
Viscosity SSF 18 143 

at 122°F 

Plash Point (PM) 180°F L7OPF 
Pour Point O°F | 20°F 
cee tae A.18 ‘% 8.97% 
Conradson Carbon 5 66% 9.54% 


Relative Stack Solids »,O* 











Commercial 
Navy Special Bunker "Cc" 
% by weight 
C &5 gi7 
H 11.4 
0 0.9 


*Furnished by private communication. No 
comparative duta is available for the 
other oil. 


Photo-micrographs of Residues. 

Photo-micrographs of some typical residues were taken 
at about 170 X and 420 X by putting a Leitz microcamera in 
place of the eye piece of a microscope. The pictures were 
taken with background and/or oblique top lighting. 

Residues. 
The residues collected were weighed to the nearest tenth 


of a gram. 
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Sunmary of Original Data and Calculations 


Yun 1: 


Puel - Navy Special 


Puel temp (150 SSU) - 137°P 


wuantity ourned - 7.65 lo. 


Time - 31 min. 


Rate - 0.247 1lb/min. 


Average Air Temperature (Rlower Discharge) - 100F 


Air Supplied - 


Ct. ¢ 
one 


Excess Air (Meter) 


a §.33% 


Excess Air (Gas Analysis) 


m/C ratio - 1.76 


Temperatures (SP): 


Time (Vin.) Tel TCe TCS 
00 La95 16253 1145 
03 2155 1605 1095 
09 Ba3§ 1695 1095 
19 2341 1945 1105 
aS 2430 2095 1136 

Stack Solids: 

Weight € of Wt. of Unburned 
Source grams Fuel Surned Carbon-% 

quenching unit 10.6 0.306 53.09 

Exhaust Pipe 5 .& 0.15€ 82 .02 

Separator 9.9 0.285 G5 .27 

Total 26.0 0.749 70.69 


Ges Analysis: 


CQp - 15.5% 
Op - 2.14 
Fo - 0.32 

oe =- Iwo? 
No - 83.17 


106.00- 


cu.ft./min. (50 VE Ho) 


90) 





Dp | 


Run 2; 


Fuel - Commercial Bunker "C" 

Tel temperature (150 Sst!) - 20502 
Quantity burnec - 6.25 lb. 

Time - 55 min. 

Rate - 0.250 lb/min. 

Average Air Temperature - 100°P 

Air Rate - $2.0 cu.ft./min. (509.0 ™ HoO) 
Pxcess Air (Meter) - 7.07% 


Excess Air (Gas Analysts) - C.12% deficiency 


W/C ratio (" sc j}= 18 

Temperatures (°F); 

Time (Bin.) Tt TC2 TG) 

(=) 10 2410 1538 1103 
00 2398 1712 1040 
O05 287 1795 1035 
15 2492 2078 1025 
ce 2512 2205 Lbeo 
28 2440 2225 1116 


Stack Solids: 
Weight of Wt. of Unburned 


Source grams Fuel Burned Carbon- 
quenching unit 1346 0.363 49.61 
Sxhaust pipe 20.4 0.545 88 .04 
Separator 25.9 0.691 64.39 

59.9 1.590 e 

Gas Analysis: 

CO5 - 13.5% 
Oo = & ws 

Ho > “Ts 

CO - 1.29 

CH, = 277 

No = 81) 41 


100 .06 
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Mel - Commercial Bunker "Cc". 


fuel temperature (150 S$S8U) - 205°r 


Time - 35 min. 


Rate - 0.252 lb/inin. 


Average Air Temperature - 100°PF 


Air Rate ~- 52.0 cu.ft./min. (50 ¥M Hot) 


Excess Air (Meter) - 6.25% 


Excess Air (Gas analysis) - 2].6% 


n/C ratio 7 . 


Temperatures (°F); 


Time (Min.) Poa, 
(-) O7 2465 
(-) Ol 2505 
O07 2605 
15 2005+ 
18 2IOGF 
29 2005 $ 
00 2E05S+ 
Stack Solids: 
Weight 
Source grams 
Quenching unit 10.9 
Exhaust pipe 21.6 
26.4 


Separator 


Gas Analysis: 


~- 11.84% 
Oo - 5 .20¢ 
} co - O.20€ 
CN, - 0.27% 


5 No ~ 62.49% 
100.06 


= 1.63 
TCL TG 
1770 998 
1770 990 
2005 1040 
2200 LO 7S 
2270 1050 
2540 1083 
2340 1083 
G of wt. of 
Ruel burned 
0.273 
0.541 
0.661 


Unburned 
Carvon-% 


44.12 
87.20 
89.09 


On 








Pun 4; 
mel - Navy Srecial 
uel Temperature (150 SS) - 13708 
quantity burned - 8.40 1b. 
Time - 42 min. 
Rate - 0.200 lbs./min. 
Averace Air Temperature - lOO°OF 
Air Rate - 52.0 cu.ft./min. (50 M¥ H50) 
Excess Air (Weter) - 34.2% 
Excess Air (Gas Analysis) - 25.7% 


H/C ratio - 1.76 


Temperatures: 


Time (¥Min.) "col TC2 POE 
(=) O2 2405 1625 1040 
04 £185 1455 970 
09 2180 1600 998 
19 2210 1780 1010 
‘7 2230 1860 1020 
o4 22350 GOZO 1005 
Solids: 
Weight Kf of My, CF Unburned 
Source grams Puel Burned Carbon-% 
guenching Unit S08 0.152 59.00 
Exhaust pipe 2.4 0.063 58.94 
Separator, 4.6 0.121 78.67 


Gas Analysis: 
COp - 12.35% 
Oo - 4.70% 


wo po? 








Buns be 
7uel - Navy Special 
“uel Tempereture (159 SSU) 
wuantity burned - &.45 1b. 
Tine - $9 min. 


Rate - 0.216 1b./min. 


- 137°? 


Average Air Temperature - 100°? 


54 


Air Rate - 58.8 cu.ft./nin (64 om 0) 


Excess Air (Meter) 40.0% 


No cas analysis 


Temperatures (“F:) 


Time (Min.) R¢) 
00 Zo00F 
10 2250 
20 2111 
30 2200 
oo 2260 


Solids: 


Source Wt.grams 
auenching unit 6.6 
Exhaust pipe Po 
Separator 7 # 


17.9 


Ce 


2005 
1920 
1869 
2063 
2092 


TCS 


1040 
LORS 

973 
1065 
1054 


Wt .% 
fuel vdurned 


0.172 
0.026 
0.191 


ew 








7 
NN 


SAMPLE CALCULATIONS 
Combustion Calculations: 
Furnsce to burn Bunker "C" fuel 011, assuming an anselysis 
as follows: 
H/C = 1.4 
Specific Gravity = .995 


Assumed fuel rate «= 2 gal./hr. 
Assume 13.5% CO» in products. 


Complete Comb. 035 excess eir 
CH, , + 1.3502 —+1.0 COo 1.0 COs 
0.7 HO 0.7 Ho0 
b¢ x 1.35 No fe (1.35 + x) My 
id-=+SaGnien 
x= .277 


# excess air = st = .205 = 20.5% 


Mols. air/mol. fuel = By x (1.35 + .277) = t- 75 


lb. air/lb. fuel = 7.75 Xn = 16.76 


Fuel rate = Be x 62.4 x .995 = 16.61 1b./hr. 
e 1.24 mol. /hr. 
Air rate = 16.61 x 16.76 = 278 1b./hr. 
High hest value of fuel = 17,780 + 54 (API Gravity 


217,780 + 54 (10.7) 

= 18,360 Btu/1b. 
\ He = 18,360 x 16.61 = 305,000 Btu/hr. (water #s lia.) 
AHgo(Wo0) =» .7 x 1.24 x 18 x 1060 - 16,560 Btu/hr. 
water as vapor) £ 











Furnace Dimenstons: 
Design requirements: 
l. Cross-section to be square 5.5 inches on side. 
2. Firing rete e 170,000 Btu/hr.- cu. ft. 


3. Top section to be tapered from 5.5 inch square 
to 3.0 inch squere crose—section. 


4, Height of tspered section = 12.5 inches. 


Furnace volume s patsy a2 1.698 cu. ft. 


a (OFS be 12.5 
Volume top section = ( x - .130 cu.ft. 


Volume main section = 1.698 - .130 s 1.568 ou. ft. 


Length main section = 1.566 x Lr 


= 5 Fh. 
(5.5)° ‘- 


Total length = 7'6" + 1'OR" 2 gt 6" 


Estimation of Furnace Temperatures: 


1. Theoreticel flame temperature. 
Aseuming theoretical flame temperature - 3300 OF 


N MCp “Ny N MC, ave. 
CO. 1,24 12.9% - 16.02 
HO 868 10. 33 8.97 
Oo . 46 8. 34 2.89 
No 7.60 7.92 60.2_ 
88.08 
Ty = Seog + 60» 3335 OF 








2. Losses and furnace exit temperature 


BS  Eet e Sae EneRE GQe e e e 


Overall neat transfer coefficient for 4.5" brick and 
.125" steel casing. 


Dns & sa 
Kyrick = 9.113 
Ksteel = 29-9 


No = 9.27 a Te (Bq. 216, »p. Bhady S4°. 5 ee 
s.5 sa7 (199 * 
= 0.854 
i 
0. oe 
~ de 4 £379 892) » aR an ~ ee ee 
2n0  «id} & LO Coad - wove it; x 14.5 


361 BeW/SeeE¥u— CF. 


The external losses are to be considered equal to the 
convection to the refractory. 
1 i 
2 , Ac (1 -1) F UpAg (Ty To? 
ActAp CF 


ia 





(1) qPe o (Tp - Tf) Ac 





(2) ape Ho + Hyg -wg (Cp)y (Tr, - 19) 
Tp S Fl I'r2 


ee gy 
Ac = 5.5 * jaq 7 3.2L 86q. ft. 


An = S 2 
R 545 X in * 79) &4 51953 +5 x4x ous 


14,89 sq. ft. 





2 
From Ref. (11), p. 69 bb aw 1-06 
Assume Tg = 1090F To = 3000°F 
€c= 0.8 
E. i Ceo, .t. »PL % €u.0,T Pot Os x O€ T> 
ea - ae -_ 
C= FT = .1234 Py = my = .0865 
Pol = P } 
C »131 wh = 0917 


Assume Tp = 3035 


en = .O53 
Cun ge |! oe 
€. = .083 + .0290 = .0620 
oc term negligible 


é.™ G5 = .0621 
pF xi( es 4 ~ <s 


(1) ar = 0.173 (37.954 - 578") x 0.21 x .685 + .361 
x 14.8( 3035 - 120) 


= 36800 + 15600 
a 52400 Btu/hr. 
(2) gp = 268400 - 88.1 AT 


\ 
288400 - 52400 
AT eT = Sey? = 2680 °F 


2680 + 60 = 2740 


m3 
“sj 
NM 
i 


Tp - 2740 ‘ 3332 = 3037 OF 


L 





On 
a 


Heat Transfer to Quenching Unit 


N MC, ave. (15009) N MC, ave. 
co. 1.24 11.54 14,32 
O05 . 868 7.80 2.68 
No 346 1-37 56.00 
H50 7.60 S.97 f<I9 
60.78 


q (to quenching unit) = AHo - qf - N MC, ave. (1500-60) 


= 266,400 - 52,400 - 60.78 (140) 


119,800 Btu/hr. 


Assuming the water tempereture rise = 20°F 


a q 119,800 
~ =@ager= = 5990 1b./hr. 


718 gal./hr. 


11.97 gel./min. 


Heat Transfer Surface of Quenching Unit. 





No. tubes = n Tube thickness (outside) = 3/16" 
Tube spacing = 1/8" 
Tube height = 2.88" 


1 
- S 4 = 6 1/16 
Sn+4+2 2 97 
: 4 = 19 tubes 








rea tubes 


- (2 x 2.86 3/167 )5.5 x 19 x — 


4.61 sq. ft. 


Log mean temperature difference: 


Gases to be cooled from 2740°F to 1500°F. 
Water assumed to rise from 60°F to 80°F. 


AT, = (2740-60) - (1500-80) 
in 2680 
1420 


O Th = 1962°F 


Heat transfer coefficient (Fag. 111, p. bad Ref.(11)) 


/ 2.42 x .0365 


278 x 144 
@ = ot = 2910 lbs./nr.- €q. ft. 





De = perimeter , 2.88 x 2+ 3/16nm ‘i 
oe ————— © one) ae oe 
Pet. 2910 x 1687 _ al’ % 
KB e x . = 5.2) & —— = 39 
a gold 


nA = 7.64 Btu/hr.- sa.ft.- °F. 


Heat tranefer to quenching unit: 
q@ = ha OT, 


7.64 x 4.61 x 1982 


71,700 Btu/hr. 








SAMPLE CALCULATIONS 


Percent excess air by meters 


The quantity of oil burned anc the time for the run were 
observed. The follcwing calculations were made for Run #1: 
Quantity - 7.65 lb. 
Time - 31 min. 
Rate = 7.65/31 « 0.247 1lb./min 
The theoretical air is basec on the percent carbon and 


hydrogen for the Navy Special fuel O11 given in the properties 


© tLe® 1 
ws @i 1 


where a =s Theoretical air 


of the oil. 


a 


C, H, ame @ = PraecVion by weight 
» (0.897 ; elie . OG ), 
1c 4 Se ‘er 


- 0.475 wmole/lt fuel 


© SO 


Mq (at 100°F) = 0.475 x 359 x Fos = 194.5 cu.ft./1b fuel 


) 
’ 


2 194.5 x 0.247 = 48.0 cu.ft./min 
The air supplied is obtained from the flow equations for 
sharp-edged orifices ¢iven in the A.S.M.1. "Fluid Meters." (12). 
The equation usec was: 
, @ ‘ 
Qo = 0.09007 FY, Do~ oly 
. 


1 
Qa = Volumetric flow rate, cu.ft./sec 


> 
1 


= Discharge coefficient 
ee fi 2 p4 


Piameter ratio 


© 
i} 


Velocity coefficient 








O) 


Yy, #* Expansion factor 

Do = Orifice diameter 

My = Different’al pressure, inches of water 

P) = Density of alr at inlet pressure anc temperature. 

The curves for the expansion factor and tables oF values 
of K versus feynolé's Number are reproduced in Figure XII for 
the diameter ratio and size of air piping used. or 2un 1 
assume Rg = 65,000 anc the correepoeneing value of FE is, 
K =» 0.626 

Te effect of compressibility is negligible for the differ- 
ential pressure used (about 2") 

P1(100°F) « 26.97 x 492 _ onl 


oF X VU 
h, = 50 W¥ of Hed = 1.97" Hoo 


Q, = -0997 x .626 x 2.64 873 60 


= 52.0 cu.ft./min 


Checking the assumed valus of Ra: 
2 
Orifice area = J7(1-44) x 1 . 0.00785 ft 

; 4 {4 


Velocity = Rene X a5 = 110.3 ft/sec. 


Ra = PVD = 0.071 x 110.3 x 0.1 = 63,000 
a= MD = Scores x 0-72 = 10% 


If Reynold's number differs very much from assumed value 
a new calculation must be made for the air rate. Variation 
of the discharge coefficient with Reynold's numb er however, is 
small. 


Percent excess air «-@e 


ea eae = b.55% 
“4d e 


~~ 








4 












Tne same proce@ure is used for the commercial Bunker 


are not known. The theoretical air was assumed to be the 





"C™ except the percentages by weight of carb 


samo as for the Mavy Special. 


Percent excess air anc "W/C ratio from Cas anal 





Run 1 

COp - 1383 
Fo - 0.32 
Co =~ 2.14 
oe = 1407 


Ny - &3.17 


Equivalent Oo = &3.17 x 





+10 mole 


ao 
ew) 


el _ 
"ss = 


ols of Og = 15.3 + 2.14 # 0.54 = 15.98 





Atoms F «6.12 x 4%2x .32 


B/C ratio = 25.12/14.27 = 1.76 
2.14 - 1.07 + .32 





o 
2 





21 x 63.17 - (2.14 - 1:07 + +52) 
7 | 


= 7.0% 








FIG. Xt 


EXPANSION FACTOR FOR FLANGE, RADIUS, 4 VENA CONTRACTA TAPS 
ie a] ae sae = 
__| DIMENSIONS OF METERING ORIFICE 


’ ) bh, 2i3.32- 
| D,* 1.625° 
8 = 0.49 








[K— + —~ 1:0 


| 


T 7 bi 


| 


: = 
R=).4 | POSITION OF PRESSURE TAPS. 
. “FROM UPSTREAM FACE: 
UPSTREAM — 3.34" 
DOWNSTREAM- 1.625" 


96 


a 


> eel ee ee lL 
Nel | 
' ' 
‘ j é { : ‘ 
: I 





- 
—"t 
j | 
98 
a zi sie 3 - 
ee 
! : | | | 
: Flat | 4 Ww 
% | a | 1 
+ --, a mea le pt r 
| ; | 4 
. 0 i ’ 2 | ia r 4 
i *{ pl ¥ pe oe | an 
po i . » 4 
Bah od +4 = ; 
Ye 1 - Coal + 0358+) 4 ae pl galas 4 
AS | | 
Bi 1S an Ree od at — 5 


¢ { 
VALUES, OF “K” FOR! VARIOUS VALVES OF Ru 


a Sle ‘i : a i 





: ORIFICE DIAM. 





1 ; THROA 
PIPE DIAM. _ Rg = REYNOLDS NO. AT THROAT 
hie = 7 . oh C= VELOCITY COEFF. 
I- p 
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